AbstractöDopamine-containing neurones of the ventral tegmental area express neurotensin receptors which are involved in regulating cell ¢ring and dopamine release. Although indirect evidence suggests that some neurotensin receptors may be localised on the nerve terminals of dopaminergic neurones in the striatum and thus locally regulate dopamine release, a clear demonstration of such a mechanism is lacking and a number of indirect sites of action are possible. We have taken advantage of a simpli¢ed preparation in which cultured rat ventral tegmental area dopaminergic neurones establish nerve terminals that co-release glutamate to determine whether neurotensin can act at presynaptic sites. We recorded glutamatemediated synaptic currents that were generated by dopaminergic nerve terminals as an index of presynaptic function. The neurotensin receptor agonist NT(8^13) caused an inward current and an enhancement of the ¢ring rate of dopaminergic neurones together with an increase in the frequency of spontaneous glutamate receptor-mediated excitatory postsynaptic currents (EPSCs). Incompatible with a direct excitatory action on nerve terminals, NT(8^13) failed to change the amplitude of individual action potential-evoked EPSCs or the frequency of miniature EPSCs recorded in the presence of tetrodotoxin. However, NT(8^13) reduced the ability of terminal D2 dopamine receptors to inhibit action potentialevoked EPSCs in isolated dopaminergic neurones. Taken together, our results suggest that in addition to its well-known somatodendritic excitatory e¡ect leading to an increase in ¢ring rate, neurotensin also acts on nerve terminals. The main e¡ect of neurotensin on nerve terminals is not to produce a direct excitation, but rather to decrease the e¡ectiveness of D2 receptor-mediated presynaptic inhibition. ß
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Neurotensin (NT) is a 13 amino acid peptide that is closely associated with major dopaminergic nuclei (Carraway and Leeman, 1973; Kitabgi et al., 1989; Quirion, 1983; Rostene et al., 1997) and can be synthesised by dopaminergic neurones themselves (Seroogy et al., 1988) . When applied to the ventral tegmental area (VTA), NT increases the ¢ring rate of dopaminergic neurones (Pinnock, 1985; Seutin et al., 1989; Werkman et al., 2000) , evokes dopamine release at the terminals of these cells in the ventral striatum and prefrontal cortex (Kalivas and Du¡y, 1990; Laitinen et al., 1990; Sotty et al., 2000 Sotty et al., , 1998 and facilitates dopamine-dependent behaviours (Bissette et al., 1976; Holmes and Wise, 1985; Jolicoeur et al., 1984; Rompre and Perron, 2000; Gratton, 1992, 1993; Sotty et al., 1998; Steinberg et al., 1995) .
The e¡ects of NT on dopamine release are thought to be mediated primarily by somatodendritic NT receptors that regulate the ¢ring rate of dopaminergic neurones. NT is known to depolarise various neurones (Alonso et al., 1994; Audinat et al., 1989; Jolas and Aghajanian, 1996) , including midbrain dopaminergic neurones (Jiang et al., 1994; Nalivaiko et al., 1998) . The depolarising action of NT on dopaminergic neurones occurs through the activation of cationic conductances together with the closure of potassium conductances (Farkas et al., 1996; Jiang et al., 1994; Wu et al., 1995) . Such depolarising actions of NT at the level of the cell bodies of dopaminergic neurones provide a simple explanation for NT's ability to increase dopaminergic neurotransmission .
It is possible that NT also acts directly on the nerve terminals of dopaminergic neurones. This hypothesis is supported by two observations. First, the destruction of midbrain dopaminergic neurones by 6-hydroxydopamine lesions decreases the number of NT binding sites in the nucleus accumbens, compatible with a presynaptic localisation of NT receptors (Quirion et al., 1985; Schotte and Leysen, 1989) . Second, NT can facilitate the evoked release of dopamine from brain slices prepared from the striatum Heaulme et al., 1997;  1 Both authors contributed equally to this work. *Corresponding author. Tel. : +1-514-343-5692; fax: +1-514-343-2291. E-mail address: louis-eric.trudeau@umontreal.ca (L.-E. Trudeau). Abbreviations : AMPA, ( þ )-K-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid ; ANOVA, analysis of variance; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; EGTA, ethylene glycolbis(2-amino ethyl-ether)-N,N,NP,NP-tetraacetic acid; EPSC, excitatory postsynaptic current ; GFAP, glial ¢brillary acidic protein ; HEPES, N-(2-hydroxyethyl)piperazine-NP-(2-ethane-sulfonic acid); mEPSC, miniature excitatory postsynaptic current; NT, neurotensin; NT(8^13), 8^13 fragment of neurotensin ; NTR1/2, type 1/2 neurotensin receptors; TTX, tetrodotoxin; VTA, ventral tegmental area. Hetier et al., 1988) and in vivo (Ferraro et al., 1997) . Although these results are compatible with a direct presynaptic e¡ect of NT, they cannot exclude the possibility that in dopaminergic terminal regions NT acts indirectly. For instance, local application of NT to the striatum increases extracellular glutamate (Ferraro et al., 1998) . This glutamate could be released from cortico-striatal ¢bres and may then facilitate or evoke dopamine release presynaptically (Cheramy et al., 1994; Desce et al., 1991; Glowinski et al., 1988; Romo et al., 1986) . The mechanism of action of NT on dopaminergic nerve terminals is thus presently unclear.
In order to better characterise the mechanism of action of NT on dopaminergic neurones and to test for a presynaptic site of action of this peptide on these cells, we have conducted experiments on cultured VTA dopaminergic neurones. These neurones, at least in culture, form synaptic terminals that release glutamate at synapses in addition to dopamine. By monitoring glutamate-mediated synaptic currents generated by dopaminergic neurones we can monitor the quantal release properties of synapses formed by these neurones (Bourque and Trudeau, 2000; Congar and Trudeau, 1999; Sulzer et al., 1998) . Using this advantageous system, we have characterised the mechanism whereby the NT receptor agonist NT(8^13) enhances neurotransmitter release from dopaminergic neurones.
EXPERIMENTAL PROCEDURES

Cell culture
VTA primary cultures were prepared from the brains of neonatal rats (postnatal days 1^3), according to a recently described procedure (Bourque and Trudeau, 2000; Michel and Trudeau, 2000; Trudeau, 2000) . Rat pups were cryoanaesthetised and all animal handling conformed to Universite ¤ de Montre ¤al animal ethics committee guidelines. All e¡orts were made to minimise the number of animals used and their su¡ering. In brief, a coronal slice with an approximate thickness of 1.5 mm was cut by hand at the level of the midbrain £exure. The left and right VTA were dissected out using a custom tissue micro-punch. The tissue was incubated in papa| «n for 30 min and dissociated by trituration. Dissociated cells were plated on 15 mm diameter round coverslips (Ted Pella, Reading, PA, USA) which were coated with collagen/poly-L-lysine. For single neurone 'micro-dot' cultures, neurones were plated onto agarose-covered coverslips sprayed with collagen and poly-D-lysine droplets to produce small areas conducive to cell growth. As previously described (Bourque and Trudeau, 2000) , this permitted the establishment of small patches of cells containing one or more astrocytes together with individual dopaminergic neurones. Under such conditions, isolated dopaminergic neurones establish dopaminergic and glutamatergic synaptic connections onto their own dendritic arbour (Bourque and Trudeau, 2000; Sulzer et al., 1998) . Cells were maintained in basal Eagle medium (Gibco-BRL, Montre ¤al, QC, Canada) to which was added 5% foetal calf serum (Sigma, St. Louis, MO, USA) and Mito+ serum additive (VWR Canlab, Montre ¤al, QC, Canada). The culture medium was replaced in part with fresh medium biweekly. For most experiments, cultures were used between 12 and 28 days after plating.
Electrophysiology
Synaptic currents were measured from whole-cell patch-clamp recordings obtained at room temperature (V22 ‡C) from neurones using a Warner PC-501 patch-clamp ampli¢er (Warner Instruments, Hamden, CT, USA). Patch pipettes were pulled from borosilicate glass and had a resistance of approximately 5 M6. All excitatory synaptic events were mediated by K-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid (AMPA)/ kainate receptors because they were completely blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and insensitive to DL-2-amino-5-phosphoraleric acid (AP5) at the usual holding potential of 350 mV (not shown). Most experiments were performed in the presence of the GABA A receptor antagonist SR-95531 (Mienville and Vicini, 1987) to block GABA A receptormediated inhibitory synaptic currents. Signals were low-pass ¢l-tered at 1 kHz and digitised at 5 kHz using a Digidata 1200 A/D converter and pCLAMP 7 software (Axon Instruments, Foster City, CA, USA). Action potential recording experiments were performed using an Axopatch 200B patch-clamp ampli¢er (Axon Instruments), a BNC-2090 A/D converter (National Instruments, Austin, TX, USA) and VClamp software from Prairie Technologies LLC (Middleton, WI, USA). In electrophysiological experiments, series resistance was usually between 7 and 12 M6 and was compensated to approximately 70^80%. Cells which showed notable changes in series resistance or resting potential during an experiment were rejected. Normal extracellular saline consisted of (in mM): NaCl 140, MgCl 2 2, CaCl 2 2, KCl 5, HEPES 10, sucrose 6, glucose 10 (pH 7.35). For synaptic current recordings, patch pipettes contained (in mM): Cs-gluconate 117.5, NaCl 10, MgCl 2 4, EGTA 5, Mg-ATP 2, Tris^GTP 0.2, HEPES 15 (pH 7.35). For action potential recordings and single-cell autaptic current recordings, patch pipettes contained (in mM): KMeSO 4 140, NaCl 10, EGTA 0.1, Mg-ATP 4, Tris^GTP 0.5, HEPES 10 (pH 7.35). In autaptic current recording experiments performed on isolated dopaminergic neurones, the identity of the cell as dopaminergic was determined by immunolabelling for tyrosine hydroxylase or by the sensitivity of its synaptic current to the D2 receptor agonist quinpirole. As we have previously shown (Congar and Trudeau, 1999) , in mesencephalic cultures, only dopaminergic neurones show quinpirole-mediated presynaptic inhibition. Sensitivity to D2 receptor agonists has also been shown both in culture and in slice as a valid phenotypic marker of dopaminergic neurones (Lacey et al., 1989; Rayport et al., 1992) . Electrophysiological signals were analysed using Clamp¢t (Axon Instruments) and 'Mini Analysis' 4.0 (Synaptosoft, Leonia, NJ, USA). In electrophysiological experiments, NT(8^13) and other drugs were applied by bath perfusion using a £ow rate of 1^2 ml/min. The capacity of the experimental chamber was approximately 200 Wl.
Statistical analysis
Data in the text and ¢gures are represented as mean þ S.E.M. Group data were analysed using analyses of variance (ANOVAs) and post-hoc tests, as indicated. In other experiments, individual means were compared using Student's paired t-test, where appropriate. A probability level at or below 0.05 was considered statistically signi¢cant.
Immunolabelling
Immunolocalisation of tyrosine hydroxylase was used to identify dopaminergic neurones. The proportion of tyrosine hydroxylase-positive neurones in the cultures was variable but was usually between 30 and 40%. This percentage was estimated by counting the number of dopaminergic neurones as well as the total number of neurones in six ¢elds across individual coverslips. In experiments which involved the recording of NT-evoked action potentials, of miniature excitatory postsynaptic currents (mEPSCs) or of autaptic currents, the recording location was marked using a pipette ¢lled with 0.2 Wm diameter green £uorescent microspheres (Molecular Probes, Eugene, OR, USA) which adhered to the cellular surface of closely located astrocytes (see Fig. 4A ). This facilitated the subsequent identi¢cation of dopaminergic neurones by immuno£uorescence using a mouse monoclonal primary antibody (Sigma Chemical Co., St. Louis, MO, USA) and a secondary antibody coupled to Alexa-546 (Molecular Probes). In other experiments, dopaminergic neurones were localised using a biotin-conjugated secondary antibody and peroxidase-conjugated streptavidin (Jackson Immunoresearch Laboratories, West Grove, PA, USA). Diaminobenzidine was used as the chromogen. Glial ¢brillary acidic protein (GFAP) was localised using a polyclonal antibody (Sigma) and permitted identi¢cation of astrocytes. An anti-GABA antibody (Sigma) was used to identify GABAergic neurones. Fluorescent secondary antibodies were coupled to Alexa-488 or Alexa-546. In some experiments, immuno£uores-cence data were acquired as stacks of images at multiple focal planes (0.5 Wm steps) and out of focus signal was rejected by digital deconvolution using ISee software by Inovision Corporation (Raleigh, NC, USA).
Drugs
Except for tetrodotoxin (TTX) (Alomone laboratories, Jerusalem, Israel), all chemicals were obtained from Sigma. The 81 3 fragment of NT [NT(8^13)] was used as an NT receptor agonist in the present set of experiments. This peptide is the shortest fully active fragment of NT.
RESULTS
Experiments were performed on primary cultures of rat VTA. These preparations contained both neurones and astrocytes. Dopaminergic neurones could be identi¢ed by immunoreactivity against tyrosine hydroxylase (Fig. 1A) and comprised between 30 and 40% of the neuronal population. Other neurones were mostly GABAergic (Michel and Trudeau, 2000) , as shown by their immunoreactivity to GABA (not shown) [see also (Sulzer et al., 1998) ]. A glial cell monolayer covered most of the coverslip surface. These cells were exclusively astrocytes as suggested by their immunoreactivity to GFAP (not shown).
Action of NT(8^13) on membrane current and cellular excitability
We ¢rst determined whether like in vivo, NT could cause inward currents and enhance the ¢ring of VTA neurones. Recordings were initially performed at a holding potential of 350 mV from randomly selected neurones. Compatible with a direct depolarising action of NT(8^13), we found that NT(8^13) (100 nM) caused a detectable slow inward current, often beginning abruptly after a delay of 10^20 s (Fig. 1B) . In initial experiments we noticed that this occurred together with a rise in the frequency of spontaneous CNQX-sensitive AMPA receptor-mediated excitatory postsynaptic currents (EPSCs) (Fig. 1B) . In VTA cultures, these synaptic events arise from the terminals established by dopaminergic neurones which are known to release glutamate in addition to dopamine (Bourque and Trudeau, 2000; Congar and Trudeau, 1999; Sulzer et al., 1998) . Slow inward currents evoked by NT(8^13) had small amplitude and displayed variable time-courses. The time-course was sometimes biphasic, with a smaller early phase, followed by a larger more delayed phase (Fig. 1C) . The amplitude of such events was more readily measured in the presence of TTX where synaptic activity was less abundant (Fig. 1C) . Such inward currents were detected in 10 out of 20 cells recorded at a holding potential of 350 mV in the presence of TTX. The observation that only half of the neurones showed such an inward current is to be expected considering the percentage of dopaminergic neurones in the cultures (see Experimental procedures). On average, NT(8^13)-evoked slow inward currents had a maximal amplitude of 22 þ 5 pA and an average duration of 69 þ 10 s (n = 10). These responses displayed complete desensitisation: in six cells where NT(8^13) was applied a second time 5 min after the ¢rst application, no NT-evoked inward currents were detected. Because the ionic mechanism of such currents evoked by NT in dopaminergic neurones has been previously characterised (Jiang et al., 1994) , this was not further investigated in the present report.
We also recorded membrane potential and action potential ¢ring in VTA neurones. These recordings were performed from con¢rmed, tyrosine hydroxylasepositive dopaminergic neurones (see Experimental procedures). We found that 100 nM NT(8^13) caused a marked increase in the frequency of spontaneously occurring action potentials (Fig. 1D ) in identi¢ed dopaminergic neurones. In some cells, this was accompanied by occasional burst-like discharge and a reduction of action potential amplitude (Fig. 1D) . The basal ¢ring rate was highly variable (0.3 þ 0.15 Hz) (n = 7) and some neurones were initially quiescent. Firing rate was thus quanti¢ed as a change in ¢ring rate (delta) over time using 15 s bins. A baseline ¢ring rate was calculated from the mean of the ¢rst four bins (60 s) and this value was then subtracted from the value of each bin. In normal saline 100 nM NT(8^13) caused a robust change in delta ¢ring rate. Delta ¢ring rate peaked 30 s after the end of the application of NT(8^13) (Fig. 1D, E) and reached 18.6 þ 6.1 action potentials per 15 s bin (n = 7). A oneway ANOVA con¢rmed an overall di¡erence between time points (F = 2.6 (15), P 6 0.02), while a Fisher LSD post-hoc test con¢rmed that a signi¢cant increase in ¢r-ing rate occurred at time points beginning just before the end of the NT(8^13) application (Fig. 1E) .
Enhancement of spontaneous EPSC frequency
We next quanti¢ed the NT-evoked enhancement in spontaneous EPSC frequency. Event number was quanti¢ed in 1 min bins and the number of events in the baseline period compared to the 1 min bin in the presence of NT(8^13). Although the extent of the e¡ect was variable, we found that in all cells NT(8^13) (100 nM) induced a clear, prolonged and reversible increase in the frequency of spontaneous EPSCs ( Fig. 2A, B) . The latency of this e¡ect was variable. On average, NT(81 3) caused a 1048 þ 565% increase in spontaneous EPSC frequency (Student's paired t-test, P 6 0.02) (n = 5). This enhancement was short-lasting and event frequency returned to baseline level by 2 min after washout of NT(8^13) (148.5 þ 49.5% of baseline). In another neurone recorded at a holding potential of 350 mV in the presence of TTX, perfusion of 100 nM NT(8^13) for 60 s also caused a slow inward current. Note that the apparently broad peak-to-peak noise is due to the compressed time scale of the trace. (D) Whole-cell current-clamp recording from a VTA neurone in normal saline. Perfusion of 100 nM NT(8^13) for 60 s caused an enhancement of spontaneously occurring action potentials. Resting potential was 355 mV. (E) Summary graph representing the average enhancement of action potential ¢ring by NT(8^13) (100 nM) in identi¢ed dopaminergic neurones in normal saline. The change in ¢ring rate over time is expressed as a di¡erence score (delta) between the average ¢ring rate within 15 s bins and the average ¢ring rate within the four initial bins acquired before agonist application (*P 6 0.05).
Evidence for a presynaptic neuromodulatory action
The enhancement of spontaneous EPSC frequency caused by NT(8^13) could have resulted solely from the increase in the ¢ring rate of dopaminergic neurones. Alternately, it could have been caused at least in part by an enhancement of the e⁄cacy of neurotransmitter release. The latter mechanism would be expected if NT(8^13) acted on nerve terminals and would be predicted to be accompanied by an increase in the frequency of mEPSCs. To record mEPSCs, action potential-evoked EPSCs were blocked using TTX (0.5 WM) and recordings were obtained from non-dopaminergic neurones that were con¢rmed to be surrounded by ¢ne processes and varicosities emanating from dopaminergic neurones (Fig. 3A) . Under these conditions, NT(8^13) (100 nM) produced no change in mEPSC frequency (117.2 þ 16.0% of control; Student's paired t-test, P s 0.05; n = 10) (Fig. 3B) . The amplitude of mEPSCs was also unchanged (99.8 þ 2.5% of control, Student's paired t-test, P s 0.05; n = 10), a ¢nding con¢rmed by an analysis of cumulative probability distributions of mEPSC amplitudes (Kolmogorov^Smirnov test, P s 0.05) (Fig. 3C) . These results suggest that action potentials are necessary for the enhancement of spontaneous EPSC frequency by NT(8^13) and that NT(8^13) does not act to directly facilitate neurotransmitter release by depolarising glutamate-releasing nerve terminals established by dopaminergic neurones.
To examine further the action of NT(8^13) on the nerve terminals of dopaminergic neurones, we performed additional experiments to determine the e¡ect of NT(81 3) on glutamate-mediated EPSCs evoked by single action potentials in dopaminergic neurones. For these experiments, we plated neurones on micro-droplets of substrate in order to obtain single neurone cultures ('micro-dot' cultures) (Fig. 4A ) in which isolated VTA neurones develop synaptic contacts onto their own dendritic arbour (autapses) (Bourque and Trudeau, 2000; Congar and Trudeau, 1999; Sulzer et al., 1998) . AMPA receptor-mediated autaptic EPSCs were evoked by brief depolarisation of isolated dopaminergic neurones (Fig. 4A ). In autaptic current recording experiments performed on isolated dopaminergic neurones, the identity of the cell as dopaminergic was determined by immunolabelling for tyrosine hydroxylase (Fig. 4A) or by the sensitivity of its synaptic current to the D2 receptor agonist quinpirole (see Experimental procedures). We predicted that if NT(8^13) acted on nerve terminals to enhance Ca 2þ entry or to directly facilitate neurotransmitter release, then autaptic EPSCs should be facilitated by NT(8^13). We found that autaptic EPSCs showed no detectable facilitation in the presence of 100 nM NT(8^13) (Fig. 4B) . On average, the amplitude of autaptic EPSCs recorded 60 s after the introduction of the peptide was 88.0 þ 15.2% of the amplitude of EPSCs during the control period (n = 5; Student's paired t-test, P s 0.05). In these same cells, NT nonetheless caused a small amplitude slow inward current, detected as a shift in the holding current. The mean amplitude of these currents was 33.8 þ 15.8 pA (n = 5) (not shown).
Although NT failed to directly enhance evoked EPSC amplitude, this does not directly exclude the possibility that NT receptors are present on the nerve terminals of dopaminergic neurones and play predominantly a modulatory role. For example, it has been proposed that NT receptors on dopaminergic neurones can decrease the e⁄cacy of D2 autoreceptors to inhibit dopamine release (Fuxe et al., 1992; Li et al., 1995; Shi and Bunney, 1991; Tanganelli et al., 1989; von Euler et al., 1991; Werkman et al., 2000) . To test this possibility, we evaluated whether NT(8^13) decreases the ability of the D2 receptor agonist quinpirole to cause presynaptic inhibition of action potential-evoked EPSCs in isolated dopaminergic neurones, a modulation that has been identi¢ed as being mediated at the level of the nerve terminals (Congar and Trudeau, 1999) . As previously reported (Congar and Trudeau, 1999; Sulzer et al., 1998) , quinpirole (5 WM) caused a reduction in autaptic EPSC amplitude in dopaminergic neurones (Fig. 4C) . This presynaptic e¡ect of quinpirole was not accompanied by any detectable somatodendritic inward current. On average, EPSC amplitude was reduced to 49.0 þ 6.9% (n = 10) (Student's paired t-test, P 6 0.01) of the control level 1 min after perfusion of quinpirole. This e¡ect of quinpirole was reversible and highly reproducible. In neurones which were exposed twice to quinpirole, the ¢rst application caused an inhibition of 55.5 þ 9.3% (n = 6) while the second application, occurring 10 min later, caused an inhibition of 56.0 þ 7.2% (n = 6). A paired comparison showed that this second inhibition was on average 109.2 þ 12.0% of the ¢rst and not signi¢cantly di¡erent (Student's paired t-test, P s 0.05). In a second set of experiments, quinpirole was again applied twice, but the second time in the presence of 100 nM NT(8^13). In these experiments, the ¢rst application of quinpirole reduced EPSC amplitudes by 55.4 þ 9.4% (n = 5) (Student's paired t-test, P 6 0.05) (Fig. 4D) . In the presence of NT(8^13), quinpirole still reduced EPSC amplitude in these cells, but only by 39.2 þ 10.9% (n = 5) (Fig. 4D) . A paired comparison showed that this second inhibition in the presence of NT(8^13) was on average 68.5 þ 8.6% of the ¢rst, which re£ected a signi¢cant reduction of the e¡ect of quinpirole (Student's paired t-test, P 6 0.05).
DISCUSSION
The present results provide evidence that NT modulates cultured dopaminergic neurones through at least two separate mechanisms. First, our spontaneous EPSC and action potential recording experiments indicate that NT acts at a somatodendritic level to enhance cellular excitability (Figs. 1, 2) . A second mechanism at the level of the nerve terminals involves a modulatory function that can regulate the e¡ectiveness of terminal D2-type dopamine receptors that normally inhibit neurotransmitter release from dopaminergic neurones (Fig. 4) .
Somatodendritic action
Our results show that NT reliably increases action potential ¢ring in cultured dopaminergic neurones. This observation con¢rms previous reports showing excitatory e¡ects of NT on dopaminergic neurones (Pinnock, 1985; Seutin et al., 1989; Werkman et al., 2000) . We have found that NT causes a small amplitude but long-lasting inward current (Fig. 1) , much like the response which has been found in VTA slice preparations and demonstrated to result from the modulation of non-selective cationic conductances and potassium conductances (Farkas et al., 1996; Jiang et al., 1994) . However, it is interesting to note that the enhancement in ¢ring rate caused by NT was usually quite delayed in onset (Fig. 1) . This suggests that the somatodendritic excitatory e¡ect of NT may be complex and involve more than a simple depolarising action. Additional experiments will be required to examine this question.
Action of NT on the nerve terminals of dopaminergic neurones
Considering on the one hand that cultured dopaminergic neurones are known to establish glutamatergic synapses in vitro (Bourque and Trudeau, 2000) and on the other hand that neurotensin enhances action potential ¢ring in dopaminergic neurones (Fig. 1D) , it is to some extent not surprising that NT caused an increase in the frequency of spontaneous EPSCs in our experiments (Fig. 2 ). It appears that this enhancement was mainly due to the increase in ¢ring rate caused by NT and not because of a direct presynaptic facilitation mechanism. This conclusion can be drawn from two observations. First, NT caused no signi¢cant increase in the amplitude of autaptic EPSCs (Fig. 4B) . Second, the frequency of mEPSCs, recorded in the presence of TTX, was not modi¢ed by NT (Fig. 3) . This last observation suggests that NT receptors on nerve terminals do not mediate any substantial local depolarising action and do not cause a substantial rise in intra-terminal calcium. Although we cannot exclude that di¡erences may exist between the mechanisms of action of NT on cultured neurones and in vivo, our observations shed new light on the presynaptic mechanism of action of NT on dopaminergic neurones and suggest that the facilitation of dopamine release by NT observed in slices or in vivo may not necessarily be caused through a direct stimulation of nerve terminals in dopaminergic terminal ¢elds (Bull and Sheehan, 1991; Heaulme et al., 1997; Hetier et al., 1988) . Considering our ¢nding of a lack of a direct excitatory e¡ect on nerve terminals, two alternate mechanisms can be proposed to explain the observations made in slice preparations. One possibility is that NT acts on other elements within the striatum to indirectly facilitate dopamine release. For example, if NT receptors are present on glutamatergic terminals arising from the prefrontal cortex, NT could facilitate the spontaneous release of glutamate (Kalivas and Du¡y, 1997) , which would then act to depolarise dopaminergic nerve terminals. In support of this possibility, it has been shown that NT can cause an increase in the concentration of glutamate in the striatum in vivo (Ferraro et al., 1998 . Although in an unrelated structure, neurotensin has also been shown to be able to increase the frequency of glutamate-mediated mEPSCs in the parabrachial nucleus slice preparation (Saleh et al., 1997) . A second hypothesis, which does not exclude the ¢rst, is that NT enhances dopamine release by decreasing the e¡ectiveness of dopamine autoreceptors on dopaminergic nerve terminals in the striatum. Such a hypothesis has been proposed previously (Tanganelli et al., 1989; von Euler et al., 1991) but, excluding the present work, is not currently supported by much direct evidence. Our ¢nding that NT(8^13) decreased the ability of the D2 receptor agonist quinpirole to inhibit autaptic EPSCs generated in isolated dopaminergic neurones (Fig. 4D ) provides evidence in favour of such an NT^D2 interaction directly at the level of dopaminergic nerve terminals. However, our results do not address whether this interaction occurs because of a direct modulation of the D2 receptor itself or at some step downstream in its signalling cascade. Much additional work will be required to identify the mechanism of this interaction in dopaminergic terminals.
Finally, it is important to note that in our experiments we have measured glutamate release from dopaminergic neurones and not dopamine release itself. Our ¢ndings thus need to be considered within the bounds of this limitation. However, a number of observations suggest that glutamate and dopamine release from cultured dopaminergic neurones may be regulated in very similar ways. First, although it has not been established whether glutamate and dopamine are contained in the same vesicles in these neurones, we have recently demonstrated that the vast majority of synaptic terminals established by cultured isolated dopaminergic neurones are immunopositive for the vesicular monoamine transporter (Bourque and Trudeau, 2000) , thereby suggesting that most have the capacity to package and presumably release dopamine. Second, all available evidence suggests that in cultured dopaminergic neurones, the synaptic release of glutamate is modulated in the same way as dopamine release. For example, we have shown recently that like what has been reported for dopamine release, synaptic glutamate release by dopaminergic neurones is up-regulated by the growth factor GDNF (glial cell linederived neurotrophic factor) (Bourque and Trudeau, 2000) . In addition, we and others have shown that much like dopamine release, glutamate release from cultured dopaminergic neurones can be decreased by acute activation of D2-type dopamine receptors (i.e. 'autoreceptors') (Congar and Trudeau, 1999; Sulzer et al., 1998; present report) . Together, the above-stated observations suggest that the mechanisms identi¢ed using the present experimental model provide valuable data contributing to a better understanding of the cellular and molecular mechanisms of action of NT on dopaminergic neurones.
Implication of NT receptors
In the present set of experiments, we have not identi¢ed which NT receptor subtype mediates the observed physiological e¡ects. However, the increase in spontaneous EPSC frequency caused by NT(8^13) is blocked by SR142948A, a compound with high a⁄nity for both type 1 (NTR1) and type 2 NT (NTR2) receptors Trudeau, L.-E., unpublished results) . It has been proposed that dopaminergic neurones preferentially express NTR1 and not NTR2, which may be preferentially expressed in astrocytes (Nouel et al., 1997) . It is thus likely that most e¡ects observed here were mediated by NTR1.
In conclusion, the present set of results provide new information on the cellular mechanism of action of NT on dopaminergic neurones. First, our experiments on glutamate-mediated EPSCs and mEPSCs provide the ¢rst direct evidence that, at least in culture, NT does not directly stimulate the nerve terminals of dopaminergic neurones. Second, our demonstration that NT reduces the e⁄cacy of a D2 receptor agonist to inhibit neurotransmitter release at the terminals of dopaminergic neurones provides evidence suggesting that an important role of terminal NT receptors is to locally modulate the e⁄cacy of presynaptic inhibition. The signalling pathways mediating this NT^D2 receptor interaction will need to be determined.
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